In human cells, a critical pathway in gene regulation subjects mRNAs with AU-rich elements (AREs) to rapid decay by a poorly understood process. AREs have been shown to directly activate deadenylation, decapping, or 3-to-5 exonucleolytic decay. We demonstrate that enzymes involved in all three of these mRNA decay processes, as well as 5-to-3 exonucleolytic decay, associate with the protein tristetraprolin (TTP) and its homolog BRF-1, which bind AREs and activate mRNA decay. TTP and BRF-1 each contain two activation domains that can activate mRNA decay after fusion to a heterologous RNA-binding protein, and inhibit ARE-mediated mRNA decay when overexpressed. Both activation domains employ trans-acting factors to trigger mRNA decay, and the N-terminal activation domain functions as a binding platform for mRNA decay enzymes. Our data suggest that the TTP protein family functions as a molecular link between ARE-containing mRNAs and the mRNA decay machinery by recruitment of mRNA decay enzymes, and help explain how deadenylation, decapping, and exonucleolytic decay can all be independently activated on ARE-containing mRNAs. This describes a potentially regulated step in activation of mRNA decay.
Gene expression can be regulated at many levels, including mRNA turnover. An important signal for rapid mRNA turnover in mammalian cells is the AU-rich element (ARE), which is found in the 3ЈUTR of many highly regulated mRNAs Wilusz et al. 2001; Shim and Karin 2002) . AREs are characterized by sequence regions rich in adenosines and uridines and often include one or more copies of the pentamer sequence AUUUA Wilusz et al. 2001; Shim and Karin 2002) . AREs are prevalent in mRNAs that encode proto-oncogenes, interleukins, and cytokines Shim and Karin 2002) . In addition, an extensive compilation of ARE-containing mRNAs has shown that AREs are found in mRNAs encoding many different classes of proteins (Bakheet et al. 2001) . Importantly, while ARE-containing mRNAs are normally rapidly degraded, specific cell signals can trigger mRNA stabilization and result in protein production. For example, activation of T cells results in stabilization of the mRNA encoding the interleukin IL-2, which leads to IL-2 production and secretion (Shim and Karin 2002) .
The importance of AREs is underscored by the observation that the proto-oncogene c-fos can be transformed into an oncogene by the removal of the AREs from the c-fos mRNA 3ЈUTR (Miller et al. 1984) .
Several proteins that interact with AREs have been isolated. The most intensely studied of these is tristetraprolin (TTP) (Fig. 1; Blackshear 2002) . TTP contains two CCCH-type zinc-finger domains that are necessary and sufficient for ARE binding (Lai et al. 2000) . Several lines of evidence suggest that TTP is involved in AREmediated decay. For example, overexpression of TTP results in reduced accumulation of many, but not all, AREcontaining mRNAs (Lai and Blackshear 2001) . In addition, a mouse, which is homozygous for a deletion of the TTP gene, accumulates in the blood stream high levels of TNF-␣, a protein encoded by an ARE-containing mRNA (Taylor et al. 1996) . Two paralogs of TTP involved in ARE-mediated decay are BRF-1 and BRF-2 (also named hsERF1/ZFP36L1/TIS11b and hsERF2/ZFP36L2/ TIS11d, respectively) ( Fig. 1 ; Lai et al. 2000; Stoecklin et al. 2002) . Human HT1080 cells that contain a mutation in the BRF-1 gene show low levels of ARE-mediated decay that can be rescued by expression of exogenous BRF-1 or TTP (Stoecklin et al. 2002) . In addition, similar to TTP, overexpression of BRF-1 and BRF-2 results in reduced accumulation of ARE-containing mRNAs (Lai et al. 2000; Stoecklin et al. 2002) . In contrast to TTP, both BRF-1 and BRF-2 are essential for mouse early development (Taylor et al. 1996; Ramos et al. 2004; Stumpo et al. 2004) .
Other ARE-binding proteins have also been implicated in ARE-mediated decay. For example, overexpression of the ARE-binding protein hnRNP D/AUF1 can modulate the decay rate of ARE-containing mRNAs but shows destabilizing or stabilizing effects depending on the cell type (DeMaria and Brewer 1996; Xu et al. 2001; Raineri et al. 2004) . Another ARE-binding protein, HuR, stabilizes ARE-containing mRNAs when overexpressed (Fan and Steitz 1998; Peng et al. 1998; Raineri et al. 2004) . Finally, the ARE-binding protein KSRP is associated with mRNA decay enzymes, and its depletion leads to a decrease in ARE-mediated decay in human cells and cell extracts Gherzi et al. 2004) .
In Saccharomyces cerevisiae, most mRNAs targeted for mRNA decay are believed to undergo rapid deadenylation, followed by deadenylation-dependent decapping and exonucleolytic decay from the 5Ј and 3Ј ends (Tharun and Parker 2001; Parker and Song 2004 ). In contrast, several mRNA decay processes have been observed to be activated independently of each other by AREs in human mRNAs, including rapid deadenylation and 3Ј-to-5Ј exonucleolytic decay in cells, as well as deadenylation, decapping, and 3Ј-to-5Ј exonucleolytic decay in cell extracts Voeltz and Steitz 1998; Ford et al. 1999; Gao et al. 2001; Wang and Kiledjian 2001; Mukherjee et al. 2002; Lai et al. 2003) . These observations suggest that mRNA decay enzymes are separately activated to degrade ARE-containing mRNAs. However, it is currently unknown how this is accomplished in the human cell. Several human mRNA decay enzymes have been characterized. A decapping complex that includes the proteins hDcp2 and hDcp1a/1b (two paralogs exist) (Lykke-Andersen 2002; van Dijk et al. 2002; Wang et al. 2002) , a 5Ј-to-3Ј exonuclease called hXrn1 (Bashkirov et al. 1997) , and a complex of Ն10 3Ј-to-5Ј exonucleases termed the exosome (Mitchell et al. 1997; Chen et al. 2001) were all identified on the basis of their similarity to S. cerevisiae mRNA decay enzymes. In addition, human deadenylases have been identified, including PARN (Korner and Wahle 1997) and hCcr4 (Chen et al. 2002; Chang et al. 2004; Cougot et al. 2004) .
Although proteins and mRNA decay processes responsible for recognition and degradation of ARE-containing mRNAs have been studied in some detail, very little is known about the mechanism by which ARE-binding proteins, such as TTP, BRF-1, and BRF-2, activate the mRNA decay enzymes on target mRNAs in the human cell. This is a key step in mRNA decay, which is a potential target for regulation. Here we show evidence that activation of ARE-mediated decay by the TTP protein family involves direct recruitment of mRNA decay enzymes to ARE-containing mRNAs. We show that TTP and BRF-1 employ two activation domains that both trigger ARE-mediated mRNA decay using trans-acting factors, which in the case of the N-terminal activation domain includes mRNA decay enzymes responsible for decapping, deadenylation, and exonucleolytic decay from the 5Ј and 3Ј ends. This helps explain how several mRNA decay processes can be independently activated by AREs in the human cell. We propose that regulation of ARE-mediated mRNA decay may involve the modulation of these mRNA decay activation domains of TTP and BRF-1.
Results

Exogenously expressed TTP and BRF-1 exist in complex with mRNA decay enzymes
How can AREs activate several different mRNA degradation processes, including rapid deadenylation, decapping, and 3Ј-to-5Ј exonucleolytic decay? We considered the possibility that ARE-binding proteins, such as TTP and BRF-1 (Fig. 1) , function to recruit mRNA decay enzymes to target mRNAs. To address this question, we first tested whether TTP and BRF-1 exist in complex with mRNA decay enzymes responsible for these processes. The coimmunopurification assays in Figure 2A demonstrate that transiently expressed, myc-tagged decapping complex subunits, hDcp1a and hDcp2, as well as the 5Ј-to-3Ј exonuclease hXrn1 and the deadenylase hCcr4, all coimmunopurify with Flag-tagged TTP and BRF-1 proteins from RNase-treated human embryonic kidney (HEK) 293T cell extracts ( Fig. 2A, lanes 4,6) . Moreover, a component of the human exosome, hRrp4, also copurifies with TTP and BRF-1, whereas the deadenylase PARN does not ( Fig. 2A, lanes 4,6) , which confirms earlier studies Lai et al. 2003) . None of the mRNA decay enzymes copurify at significant levels with the ARE-binding protein HuR (Fig. 2A , lane 8), which is not an activator of mRNA decay (Fan and Steitz 1998; Peng et al. 1998 ). In addition, no nonspecific binding to the anti-Flag resin was observed ( Fig.  2A, lane 2) . The RNA-binding hnRNP A1 protein, which associates with TTP and BRF-1 in a strictly RNA-dependent manner (data not shown), served as a control for efficient RNase treatment and does not copurify with TTP and BRF-1 (Fig. 2A, lower panel, lanes 4,6) . We con- clude that exogenously expressed TTP and BRF-1 are associated with mRNA decay enzymes in an RNA-independent manner in human cell extracts.
Endogenous TTP exist in complex with mRNA decay enzymes
To test whether endogenous TTP exists in complex with endogenous mRNA decay enzymes in cell extracts, we used polyclonal antibodies in coimmunopurification assays from a marmoset T-cell line, which was previously shown to express TTP (Cook et al. 2004 ). The results in Figure 2B demonstrate that the mRNA decay enzymes hDcp1a, PM-Scl75 (a component of the exosome), and hXrn1 all copurify with endogenous TTP from RNasetreated marmoset T cell extracts. Again, no association was observed with PARN. The RNA-binding protein HuR served as a negative control and was not associated with TTP (Fig. 2B, bottom panel) . These results confirm the observations with tagged exogenous proteins in Figure 2A . We conclude that the ARE-binding proteins TTP and BRF-1 associate, either directly or via unknown proteins, with mRNA decay enzymes responsible for decapping, deadenylation, and exonucleolytic decay from the 5Ј and 3Ј ends.
Overexpression of the decapping enzyme hDcp2 results in enhanced ARE-mediated decay
It was previously shown that deadenylation and 3Ј-to-5Ј exonucleolytic decay are both activated by AREs in vitro and in human tissue culture cells Voeltz and Steitz 1998; Ford et al. 1999; Gao et al. 2001; Wang and Kiledjian 2001; Mukherjee et al. 2002; Lai et al. 2003) , and that decapping is activated in vitro (Gao et al. 2001) . However, it remained to be established whether decapping is activated by AREs in the human cell. To address this question, we established an AREmediated mRNA decay assay in human HeLa Tet-off cells, using a ␤-globin reporter mRNA (␤-ARE) that contains the potent ARE from GM-CSF mRNA in the 3ЈUTR. Transcription of the ␤-ARE mRNA is controlled by a tetracycline regulatory promoter, which allows for measurement of the mRNA decay rate in pulse-chase experiments in human HeLa Tet-off cells. A ␤-globin mRNA with an extended 3ЈUTR (␤-GAP) (LykkeAndersen et al. 2000) , which is expressed from a constitutive CMV promoter, served as an internal control for the calculation of mRNA half-lives. The results in Figure  3 show that the ARE-containing ␤-globin mRNA (␤-ARE; t 1 ⁄2 = 70 min) (Fig. 3A) displays an eight-to ninefold enhanced mRNA decay rate compared with that of ␤-globin mRNA with no ARE (␤-wt, t 1 ⁄2 = 9-11 h) (Fig.  3C) .
We next wished to test the role of decapping enzymes in the decay of the ␤-ARE reporter mRNA. We were unsuccessful in establishing RNA interference conditions in HeLa Tet-off cells that reduce the level of the catalytic hDcp2 subunit of the decapping complex, even using an siRNA that has previously been successfully used in another human cell line (Lejeune et al. 2003) . We therefore tested instead the effect of decapping enzyme overexpression. The results in Figure 3A show that overexpression of hDcp2 causes a two-to threefold reduction in the half-life of the ␤-ARE reporter mRNA (t 1 ⁄2 = 28 min; 2.4 ± 0.4-fold reduction in three experiments). hDcp2 was overexpressed approximately two-to threefold as estimated by Western blotting (data not shown). Importantly, the effect of hDcp2 requires decapping activity, because a catalytically inactive hDcp2 mutant protein (E148Q) (Lykke-Andersen 2002; van Dijk et al. 2002; Wang et al. 2002) was not capable of activating mRNA decay (t 1 ⁄2 = 70 min). In contrast to hDcp2, overexpression of another decapping complex subunit hDcp1a, as well as its paralog hDcp1b, had no effect on decay of the ␤-ARE mRNA (t 1 ⁄2 = 74 min and 68 min, respectively), mRNA decay enzyme recruitment to AU-rich elements even though they were expressed at three-to fivefold higher levels than endogenous proteins (data not shown). Moreover, the effect of hDcp2 was not enhanced by coexpressed hDcp1a or hDcp1b (Fig. 3A , two lower panels). Overexpression of hDcp2 had little or no effect on the decay rate of a ␤-globin mRNA that undergoes nonsensemediated decay (NMD) (Fig. 3B , ␤-39) or on wild-type ␤-globin mRNA (Fig. 3C , ␤-wt). We conclude that overexpression of hDcp2 enhances decay of the ARE-mediated decay reporter ␤-ARE mRNA. This suggests that decapping can be a limiting step in ARE-mediated decay in human cells. In contrast to hDcp2, the hDcp1a/ hDcp1b subunit of the decapping complex appears to not be limiting in the cell.
The NTD of TTP is responsible for the association with mRNA decay enzymes
We next wished to test which regions of TTP are responsible for the observed association with individual mRNA decay enzymes. TTP, BRF-1, and BRF-2 each consist of an RNA-binding zinc-finger domain flanked by N-terminal (NTD) and C-terminal (CTD) domains of unknown function (Fig. 1A) . We tested each of these domains for their ability to copurify with mRNA decay enzymes from RNase-treated human cell extracts. Remarkably, the coimmunoprecipitation assays in Figure 4A show that all of the decay enzymes tested, hDcp2, hRrp4, hCcr4, and hXrn1, copurify exclusively with the NTD of TTP (Myc-TTP 1-100 ). In contrast, the zinc-finger domain (Myc-TTP 100-174 ) and CTD (Myc-TTP 176-326 ) are not found in complex with any of the mRNA decay enzymes tested. Importantly, deletion of the TTP NTD (Myc-TTP 100-326 ) prevents association with the mRNA decay enzymes. Full-length TTP served as a positive control and was found associated with all decay enzymes, whereas the negative control, hnRNP A1, showed no association. TTP, and all C-terminal fragments thereof, appear as streaks in the immunoblots, probably due to phosphorylation (Chrestensen et al. 2004) . We conclude that the NTD is both necessary and sufficient for the association of TTP with mRNA decay enzymes, whereas the TTP zinc-finger domain and CTD do not stably associate with any tested mRNA decay enzyme.
The NTD of TTP is important for full activation of mRNA decay
We next wished to test whether the NTD is important for TTP activity. TTP and TTP from which the NTD or CTD has been deleted were previously shown to efficiently bind ARE-RNA in vitro, and to promote reduced accumulation of ARE-containing mRNAs when expressed in human cells (Lai et al. 2000; Lai and Blackshear 2001) . To directly test the effect of exogenously expressed TTP and TTP lacking the NTD on ARE-mediated mRNA decay, we used a titration experiment to establish levels of TTP that enhance decay of the ␤-globin ARE-mediated decay reporter mRNA (␤-ARE), but allow accumulation of sufficient ␤-ARE mRNA to accurately measure the rate of decay (data not shown). In the mRNA decay assays in Figure 4B , expression of TTP causes a 3.5-fold decrease in that contains an AU-rich element from GM-CSF mRNA in the 3ЈUTR, in the absence of coexpressed protein (none) or in the presence of coexpressed decapping complex subunits, as indicated on the left. Time points above the panels refer to minutes after transcriptional repression. ␤-ARE levels were normalized to the internal control ␤-GAP mRNA, and ␤-ARE half-lives were calculated and are shown on the right. The average fold of change in half-lives (three experiments) that were significantly different from the assay with no exogenous protein is given with standard deviation on the right. (B) Northern blots showing decay rates of an NMD ␤-globin reporter mRNA, in the absence or presence of coexpressed hDcp2. (C) Northern blots showing decay rates of wild-type ␤-globin mRNA, in the absence or presence of coexpressed hDcp2. The internal control was endogenous GAPDH mRNA.
the half-life of the ␤-ARE mRNA (from 71 to 21 min). However, the TTP 100-326 mutant that lacks the NTD responsible for mRNA decay enzyme association shows impaired activity (t 1 ⁄2 = 46 min; 2.2 ± 0.4-fold higher than TTP in three experiments). This protein is expressed at similar levels as full-length TTP as determined by Western blotting (data not shown). The TTP 1-174 mutant protein that lacks the CTD expresses at two-to threefold higher levels than full-length TTP (data not shown) and shows activity similar to that of full-length TTP (t 1 ⁄2 = 24 min). Both of the TTP deletion mutant proteins have intact RNA-binding domains (Fig. 1) , and they both bind efficiently to poly-A mRNA as shown by their RNAdependent copurification with poly-A-binding protein (PABP) in Figure 4C (second and third panels). An RNAbinding-deficient TTP-F126N mutant protein (Lai et al. 2002) , that served as a negative control is inactive in mRNA decay ( Fig. 4B ; t 1 ⁄2 = 70 min), and does not associate with mRNA (Fig. 4C) . The exogenously expressed TTP and TTP mutant proteins all localize uniformly in the cytoplasm as determined by indirect immunofluorescence assays (data not shown). Taken together, these results demonstrate that the NTD of TTP is important for full activation of ARE-mediated decay, and that a correlation exists between the ability of TTP to associate with mRNA decay enzymes and to efficiently activate mRNA decay (Fig. 4A,B) . However, it is important to note that deletion of the NTD does not render TTP completely inactive ( Fig. 4B; Lai et al. 2000) . Therefore, regions of TTP other than the NTD appear to play an important role in activation of mRNA decay (see below).
The NTD of TTP and BRF-1 is an mRNA decay activation domain
We next wished to test whether the NTD of TTP constitutes an mRNA decay activation domain. Many proteins involved in gene expression exhibit modular structures. For example, many transcription factors contain DNA-binding domains with separate transcription activation domains that are functional after fusion with heterologous DNA-binding proteins. In a similar manner, we wished to test if the NTD of TTP and BRF-1 can activate mRNA decay after fusion with a heterologous RNA-binding protein. To test this, we took advantage of a tethering assay where TTP, BRF-1, and fragments thereof were fused to the MS2 coat protein and tested for their ability to activate mRNA decay of a ␤-globin reporter mRNA that contains six MS2 coat protein-binding sites in the 3ЈUTR (␤-6bs) (Lykke-Andersen et al. 2000) .
The mRNA decay assays (one of four independent experiments is shown in Fig. 5A) show that the decay rate of the ␤-6bs reporter mRNA is enhanced six-to ninefold upon expression of MS2-TTP (t 1 ⁄2 = 80 min, 7.5 ± 2.0-fold reduction), compared with the absence of an exogenous protein (t 1 ⁄2 ≈ 600 min, half-life measured in a longer time-course). The MS2 coat protein alone has no effect mRNA decay enzyme recruitment to AU-rich elements on the decay rate (t 1 ⁄2 ≈ 600 min). Importantly, the enhanced decay rate is a consequence of tethering, because expression of TTP that lacks the MS2 coat protein fusion has no effect on the half-life of ␤-6bs mRNA (t 1 ⁄2 ≈ 600 min). Interestingly, the RNA-binding-deficient mutant TTP protein, TTP-F126N, which is unable to activate ARE-mediated decay ( Fig. 4B ; Lai et al. 2002) , enhances mRNA decay to a similar extent as wild-type TTP after tethering (t 1 ⁄2 = 80 min) (Fig. 5A ). This demonstrates that RNA binding and mRNA decay activation are two separate activities in the TTP protein. We also tested the effect of tethered BRF-1, and it resulted in a six-to eightfold enhanced decay rate (t 1 ⁄2 = 90 min, 7.0 ± 1.5-fold reduction compared with MS2 alone). We note that the rate of ␤-globin mRNA decay induced by tethered TTP and BRF-1 is comparable to that triggered by the potent ARE from GM-CSF mRNA (cf. Figs. 5A and 3A, 4B) .
We next tested the activity of the NTD of TTP and BRF-1. The mRNA decay assays in Figure 5B show that the decay rate of the ␤-6bs reporter is enhanced three-to fivefold and two-to fourfold upon expression of MS2-TTP 1-100 (t 1 ⁄2 = 150 min, 4.0 ± 1.0-fold reduction in four independent experiments) and MS2-BRF-1 1-116 (t 1 ⁄2 = 190 min; 3.0 ± 0.8-fold reduction in three experiments), respectively, compared with the MS2 coat protein alone (t 1 ⁄2 ≈ 600 min). We conclude that the NTD of TTP and BRF-1 constitutes an activation domain that is capable of triggering mRNA decay when associated with a heterologous RNA-binding protein, although to a lesser extent than full-length TTP and BRF-1.
The CTD of TTP and BRF-1 constitutes a second mRNA decay activation domain
The data shown above demonstrate the importance of the NTD of TTP and BRF-1 in mRNA decay. However, we noticed that the NTD was not as active as the fulllength proteins in the tethering assays (Fig. 5) , and that TTP ⌬NTD shows partial activity (Fig. 4B) . We therefore suspected that other regions of TTP may play a role in activation of mRNA decay. To test this, we used the tethering assays to ask if the RNA-binding domain and CTD of TTP also function to activate mRNA decay. The results in Figure 6A show that the decay rate of the ␤-6bs reporter is enhanced five-to eightfold upon tethering of the TTP CTD (MS2-TTP 176-326 ; t 1 ⁄2 = 90 min; 6.5 ± 1.5-fold reduction in four experiments), compared with the MS2 coat protein alone (t 1 ⁄2 ≈ 600 min). In contrast, the RNA-binding domain of TTP, which expresses at similar levels as the other TTP fragments (data not shown), was not capable of activating mRNA decay in the tethering assay (MS2-TTP 100-174 ; t 1 ⁄2 ≈ 600 min). We also tested the CTD of BRF-1, and it shows mRNA decay activation activity similar to that of the TTP CTD (t 1 ⁄2 = 100 min, 6.0 ± 1.2-fold activation in three experiments). We conclude that the CTD of TTP and BRF-1 can activate mRNA decay (Fig. 6A) , despite its inability to stably associate with mRNA decay enzymes (Fig. 4A) .
Overexpression of the TTP NTD, RNA-binding domain, and CTD inhibits ARE-mediated decay
If the NTD and CTD of TTP associate with trans-acting factors (such as mRNA decay enzymes) that are important for ARE-mediated decay in the human cell, their overexpression in the absence of an RNA-binding domain would be predicted to inhibit ARE-mediated decay. To test this, we assayed the ability of exogenously expressed TTP NTD, RNA-binding domain, and CTD to impair ARE-mediated mRNA decay in HeLa Tet-off cells. In these experiments, TTP fragments were fused with green fluorescent protein (GFP) for detection. The mRNA decay assays in Figure 6B demonstrate that overexpression of the TTP NTD (GFP-TTP 1-100 ) and TTP CTD (GFP-TTP 176-326 ) leads to an increase in the halflife of the ␤-ARE reporter mRNA (t 1 ⁄2 = 140 and 200 min, 2.1 ± 0.5-fold and 2.9 ± 0.5-fold increase, respectively, in three experiments) compared with the expression of GFP alone (t 1 ⁄2 = 70 min). As a positive control, expression of the RNA-binding domain of TTP, which can bind ARE sequences (Lai et al. 2000) , but does not activate mRNA decay (Fig. 6A) , strongly inhibits decay of the ␤-ARE mRNA (four-to fivefold; t 1 ⁄2 ≈ 330 min), most likely due to competitive RNA binding. We conclude that the NTD and CTD of TTP both associate with titratable transacting factors that are limiting for ARE-mediated decay in the human cell.
Discussion
The process of mRNA decay can be divided into three steps: (1) target mRNA recognition, (2) activation of the mRNA decay machinery, and (3) degradation (Fig. 7A) . The first two steps are potential targets for regulation, and it is therefore essential to elucidate these to understand how mRNA turnover can be regulated to modulate gene expression. In the case of ARE-mediated mRNA decay, several proteins that function in the target mRNA recognition step have been characterized, including the TTP-family of zinc-finger proteins (Fig. 1) . However, the mechanism by which these ARE-binding proteins activate mRNA decay is poorly understood. In this study we have presented experiments aimed at elucidating the activation step in ARE-mediated decay. Regulation of mRNA decay is hypothesized to take place on the recognition or activation steps. mRNA decay enzymes are shown as "Pac-men." (B) How TTP may activate ARE-mediated decay by recruitment of trans-acting factors, which includes mRNA decay enzymes via the NTD. The putative activation of 5Ј-to-3Ј exonucleolytic decay is shown in brackets because it is based solely on the interaction between hXrn1 and TTP/BRF-1 shown in this study. All other indicated decay processes are based on both interaction and decay data. For details, see Discussion. The NTD is shown facing the poly-A tail based on the solution structure of the BRF-2 zinc-finger complexed with RNA (Hudson et al. 2004 ).
mRNA decay enzyme recruitment to AU-rich elements
Decapping can be a limiting step in ARE-mediated mRNA decay
Several mRNA decay processes have previously been shown to be implicated in the degradation phase of AREmediated decay (Fig. 7A, step 3) , including deadenylation and 3Ј-to-5Ј exonucleolytic decay in tissue culture cells and cell extracts, as well as decapping in cell extracts Voeltz and Steitz 1998; Ford et al. 1999; Gao et al. 2001; Wang and Kiledjian 2001; Mukherjee et al. 2002; Lai et al. 2003) . However, it was not previously tested if decapping plays a role in AREmediated decay in the human cell. Here we have shown evidence that decapping enzymes are implicated in AREmediated decay in human cells: First, overexpression of a catalytic subunit, hDcp2, of the decapping complex leads to enhanced ARE-mediated mRNA decay, only if hDcp2 is catalytically active (Fig. 3A) . Importantly, the effect of overexpressed hDcp2 is not a result of general activation of mRNA decay in the cell, because a stable mRNA and an mRNA that undergoes NMD were not significantly influenced by hDcp2 overexpression (Fig. 3B,C) . Second, decapping complex subunits exist in complex with the ARE-binding proteins TTP and BRF-1 (Fig. 2) , and associate with a domain of TTP and BRF-1 that is capable of activating mRNA decay (Figs. 4A , 5B). Unfortunately we were unable to test if reduction of cellular hDcp2 levels correlates with reduced ARE-mediated decay, because tested siRNAs did not deplete hDcp2 from the HeLa Tetoff cells used for the mRNA decay assays. It is perhaps surprising that overexpressed hDcp2 does not significantly activate NMD, because decapping has been shown to play a major role in NMD in S. cerevisiae (Muhlrad and Parker 1994) , and the decapping complex is known to associate with Upf1, a central component in the NMD pathway (He and Jacobson 1995; LykkeAndersen 2002) . It is possible that decapping plays a less prominent role in human than in yeast NMD, or that hDcp2 levels are not limiting for NMD in the human cell. In contrast to hDcp2, overexpression of hDcp1a/ hDcp1b did not enhance ARE-mediated decay. Perhaps hDcp1a/hDcp1b levels are not limiting for decapping activity in the cell. Our results suggest that decapping is another mRNA decay process activated by AREs in human cells, in addition to deadenylation and 3Ј-to-5Ј exonucleolytic decay. It remains to be established whether AREs can also activate 5Ј-to-3Ј exonucleolytic decay. These results set the stage to test how ARE-binding proteins activate mRNA decay.
The NTD and CTD of TTP and BRF-1 are mRNA decay activation domains
The following observations suggest that TTP and BRF-1 contain two domains that can individually activate mRNA decay when fused with an RNA-binding domain: First, the NTD and CTD of TTP and BRF-1 each activate mRNA decay when tethered to a target mRNA via an MS2 coat protein fusion (Figs. 5B, 6A ). In contrast, the TTP zinc-finger domain showed no activity (Fig. 6A) . Second, TTP lacking either the NTD or CTD retains the ability to activate ARE-mediated decay, although TTP ⌬NTD functions at a reduced level compared with fulllength TTP (Fig. 4B) . In contrast, TTP lacking both of the NTD and CTD inhibits decay of a coexpressed ARE-mediated decay reporter mRNA (Fig. 6B) . Based on these observations, we term the NTD and CTD of TTP and BRF-1 "mRNA decay activation domains" (Fig. 1) . The NTD and CTD of BRF-2 are 41% and 58% identical to BRF-1, respectively, and therefore most likely function in a similar manner. We conclude that the TTP family of ARE-binding zinc-finger proteins consist of an RNAbinding domain in fusion with two mRNA decay activation domains (Figs. 1, 7B ). This is reminiscent of transcriptional activator proteins that in many cases consist of DNA-binding and transcription activation domains.
The NTD of TTP is a binding platform for mRNA decay enzymes
How does the NTD activation domain of TTP and BRF-1 trigger mRNA decay? Several observations suggest that the NTD functions as a binding platform for enzymes involved in mRNA decay. First, both TTP and BRF-1 coimmunopurify with mRNA decay enzymes involved in decapping, deadenylation and exonucleolytic decay from the 5Ј and 3Ј ends (Fig. 2) . Second, the NTD of TTP is necessary and sufficient for the association of TTP with mRNA decay enzymes (Fig. 4A) . Third, deletion of the NTD of BRF-1 prevents the association with mRNA decay enzymes (J. Lykke-Andersen and E. Wagner, unpubl.). A simple model based on these data is that the NTD of the TTP protein family serves to recruit mRNA decay enzymes responsible for decapping, deadenylation, and exonucleolytic decay to ARE-containing mRNAs (Fig. 7B) . Importantly, this helps explain how AREs can independently activate mRNA deadenylation, decapping, and 3Ј-to-5Ј exonucleolytic decay, and suggests that the TTP protein family can perform all of these functions Voeltz and Steitz 1998; Ford et al. 1999; Gao et al. 2001; Wang and Kiledjian 2001; Mukherjee et al. 2002; Lai et al. 2003) . A prediction from our data is that AREs can also activate 5Ј-to-3Ј exonucleolytic decay independently of other mRNA decay processes. It is important to note that our data do not discriminate whether mRNA decay enzymes interact directly or indirectly, via other proteins, with the TTP NTD. For example, it is possible that an NTD-associated protein is responsible for the association with mRNA decay enzymes (Fig. 7B) . We did not observe a direct interaction between bacterially expressed hDcp1a or hDcp2 fused to glutathione-S-transferase and TTP translated in a reticulocyte lysate (data not shown). An important goal for future studies should be to determine the relative importance of each of the mRNA decay enzymes in mRNA decay triggered by the TTP protein family.
How does the CTD of TTP and BRF-1 activate mRNA decay?
What is the function of the CTD of the TTP family of ARE-binding proteins? The following observations sugLykke-Andersen and Wagner gest that the CTD of TTP activates mRNA decay by the association with trans-acting factors that are distinct from known mRNA decay enzymes: First, overexpression of the TTP CTD impairs ARE-mediated decay, which suggests that a limiting factor in ARE-mediated decay exists in complex with the TTP CTD (Fig. 6B) . Second, in contrast to the NTD of TTP, the CTD shows no stable association with mRNA decay enzymes (Fig.  4A ). These observations suggest that the CTD of TTP activates mRNA decay without directly recruiting known mRNA decay enzymes but by instead employing different trans-acting factors. However, it cannot be completely ruled out that the CTD exhibits unstable association with mRNA decay enzymes, which was not detectable in coimmunoprecipitation assays. An important goal for future experiments should be to identify the trans-acting factors employed by the CTD. We speculate that the CTD-interacting factors may be involved in mRNP remodeling or in localization of mRNA to the cytoplasmic processing bodies that are believed to form sites of mRNA decay (Sheth and Parker 2003; Cougot et al. 2004 ), or they may constitute yet uncharacterized mRNA decay enzymes such as, for example, endonucleases. However, more experiments are needed to discriminate between these possibilities. We found no RNA-independent interaction between TTP and the RNA helicase RHAU (J. Lykke-Andersen and E. Wagner, unpubl.), a potential mRNP remodeling enzyme recently implicated in ARE-mediated decay (Tran et al. 2004 ). We considered the possibility that the TTP CTD functions as a dimerization domain and thereby recruits endogenous TTP, BRF-1, or BRF-2 in the tethering assays. However, while we observed that myc-TTP could be coimmunoprecipitated with Flag-TTP, this association was dependent on the TTP NTD and zinc-finger domain but not on the CTD (data not shown).
Regulation of ARE-mediated decay through the NTD and CTD mRNA decay activation domains?
A simple model based on our data is that the TTP family of ARE-binding proteins use two activation domains to trigger ARE-mediated mRNA decay, one that recruits mRNA decay enzymes to target mRNAs and another that employs distinct trans-acting factors, perhaps to help render the target mRNP accessible for degradation by recruited decay enzymes (Fig. 7B) . It is tempting to speculate that regulation of ARE-mediated decay involves the repression of one or both of these mRNA decay activation domains on specific mRNAs. For example, the activity of the NTD and CTD of the TTP protein family could be modulated by associated proteins or by protein modifications, which each in turn could be regulated by specific cell signals. Alternatively, the activity of the TTP protein family could be regulated by the modulation of their RNA-binding affinity. Intriguingly, two phosphorylation events that result in 14-3-3 protein recruitment and repression of TTP activity have been mapped to the NTD and immediately after the RNA-binding domain, respectively (Johnson et al. 2002; Chrestensen et al. 2004; Stoecklin et al. 2004) , and these modifications do not appear to modulate RNA binding by TTP (Johnson et al. 2002; Stoecklin et al. 2004; J. Lykke-Andersen and E. Wagner, unpubl.) . It is an exciting possibility that these modifications interfere with the activity of the NTD and CTD activation domains. An important future goal will be to determine how the activity of the TTP family of ARE-binding proteins is controlled to regulate ARE-mediated decay and gene expression.
Materials and methods
Plasmid constructs
mRNA decay reporter plasmids are based on the human ␤-globin gene inserted between HindIII and XbaI sites of a derivative of pcDNA3 (Invitrogen) that have the CMV promoter replaced by a CMV minimal promoter with six upstream tetracyclineresponsive elements (pPC, sequence available upon request). pPC-␤6bs contains six MS2 coat protein-binding sites (LykkeAndersen et al. 2000) inserted into the ␤-globin reporter 3ЈUTR between XbaI and ApaI sites. pPC-␤ARE contains a 62-bp ARE from the GM-CSF mRNA 3ЈUTR (Voeltz and Steitz 1998) inserted in the same place. pc␤-GAP was described earlier (LykkeAndersen et al. 2000) .
Plasmids named pcDNA3-Myc and pcDNA3-Flag, used for expression of N-terminally myc-or Flag-tagged exogenous mRNA decay enzymes and RNA-binding proteins, are based on pcDNA3, which has a sequence encoding a Myc-or a Flag-tag inserted immediately upstream of the HindIII site. The open reading frames of hDcp2, hRrp4, hXrn1, hCcr4, hnRNP A1, HuR, BRF-1, and BRF-1 fragments were inserted between BamHI and NotI sites, whereas open reading frames of hDcp1a, TTP, and TTP fragments were inserted between EcoRI and NotI sites. The open reading frames of TTP, BRF-1, and TTP/BRF-1 fragments were also inserted into plasmids based on pcDNA3 (called pcNMS2-Flag and pcNEGFP), which contain an upstream in-frame Flag-tagged MS2 coat protein or enhanced GFP open reading frame, respectively. The MS2 coat protein contains two point mutations to avoid protein multimerization (Lykke-Andersen et al. 2000) .
Antibodies
Rabbit polyclonal antisera were raised (Cocalico Biologicals Inc.) against hDcp1a (amino acids 1-251), hXrn1 (amino acids 1232-1354), and PARN (amino acids fused to N-terminal glutathione S-transferase tags. Rabbit anti-PM-Scl75 (Mukherjee et al. 2002) and anti-TTP (Brooks et al. 2002) polyclonal antisera were generous gifts from Drs. Jeff Wilusz (Colorado State University, Fort Collins, CO) and William Rigby (Dartmouth College, Hanover, NH), respectively.
mRNA decay assays
Human HeLa Tet-off cells (Clontech) in DMEM/10% fetal bovine serum (FBS) at ≈30%-50% confluency in 3.5-cm wells were transfected in the presence of 50 ng/mL tetracycline, using TransIT HeLaMonster reagent according to manufacturers protocols (Mirus), with a total of 2 µg of plasmid, including 25 ng internal control expression plasmid, pc␤G, and 0.5 µg reporter mRNA expression plasmid, pPC-␤ARE (Figs. 3A, 4B, 6B ), pPC-␤39 (Fig. 3B) , pPC-␤wt (Fig. 3C) , or pPC-␤6bs (Figs. 5, 6A ). In mRNA decay enzyme recruitment to AU-rich elements addition, exogenous protein expression plasmids were included as follows: 1.0 µg pcDNA3-Flag-hDcp2, pcDNA3-Flag-hDcp2 E148Q, and/or 0.5 µg pcDNA3-Flag-hDcp1a or pcDNA3-FlaghDcp1b (Fig. 3) ; 5 ng pcDNA3-myc-TTP or pcDNA3-myc-TTP derivative (Fig. 4B) ; 0.25 µg pcNMS2-Flag-TTP, pcNMS2-Flag-BRF-1, or pcNMS2-Flag-TTP/BRF-1 derivatives (Figs. 5, 6A) ; or 1.5 µg pcNEGFP-TTP derivative (Fig. 6B) . In each transfection, pcDNA3 was added to a total of 2 µg plasmid. Thirty to forty hours after transfection, a transcriptional pulse from the reporter mRNA expression plasmid was initiated by washing cell with phosphate buffered saline (PBS) and feeding with 2 mL DMEM/10% FBS, containing no tetracycline. Six hours later, tetracycline was added to 1.0 µg/mL to stop transcription. Cells were washed with PBS and taken up in 1 mL Trizol (Invitrogen) starting (0-min time point) 30 min after addition of tetracycline, and then every 30, 40, or 60 min as indicated in Figures 3-7 . Total RNA was prepared according to manufacturer's protocols, and Northern blots were performed as described earlier (LykkeAndersen et al. 2000) .
Immunoprecipitation assays
Anti-Flag immunopurification assays were performed from HEK 293T cells transfected in 3.5-cm wells, as described earlier (Lykke-Andersen 2002). Immunoprecipitation of endogenous TTP was performed from herpesvirus saimiri-transformed marmoset T cells (a generous gift from Dr. Ron Desrosiers, Harvard Medical School, Boston, MA), in which TTP expression was induced as described by Cook et al. (2004) . TTP was immunopurified from RNase-treated marmoset T-cell extracts from ≈2 × 10 7 cells, using 23 µg of affinity purified anti-TTP antibody (Brooks et al. 2002) , and immunoprecipitates were analyzed for coprecipitating mRNA decay enzymes by Western blotting.
